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INTRODUCTION 
Several studies on the role of phosphatides of animal 
tissues indicate their importance in the integrity and 
function of cellular structures. Phosphatides, with their 
rapid turn over* have been associated with dynamic functions 
such as ion transport, enzyme activation and mitochondrial 
contraction. 
Numerous investigations have been made of the lipids 
of human and other classified tubercle bacilli. On the other 
hand, not much is known about the lipids of the so-called 
unclassified mycobacteria. The major phospholipids thus far 
demonstrated in mycobacteria are diphosphatidyl glycerol, 
phosphatidyl ethanolamine, and the phosphatidyl inositol 
mannosides. Phosphatidyl serine, phosphatidyl glycerol and 
other phospholipids have not been demonstrated even in trace 
quantities. 
Recently published studies (15) have suggested that 
lipid metabolism of the mycobacteria is different from that 
of other bacteria. The biosynthesis of phospholipids, in 
particular, appears to proceed by uncommon pathways. If 
the pathways to the biosynthesis of phosphatidyl ethanolamine, 
phosphatidyl inositol mannosides and diphosphatidyl glycerol 
are the same as those which have been demonstrated in other 
bacteria, various intermediates, for example, phosphatidyl 
1 
serine, phosphatidyl glycerophosphate, phosphatidyl glycerol 
should be present. 
The purpose of this research is to attempt to isolate 
and identify the intermediates in order to elucidate the 
nature of the phospholipid biosynthetic pathways, and to 
identify and analyze the phospholipids quantitatively in 
Mycobacterium smegmatis. 
3 
LITERATURE REVIEW 
Biosynthesis of Phospholipids 
Phospholipids are major components of most bacteria, 
often constituting ?0~90% of the total cellular lipids. Among 
the phospholipids which have thus far been found in bacteria 
are phosphatidic acid-*, phosphatidyl choline, phosphatidyl 
ethanolamine, phosphatidyl serine, phosphatidyl inositol, 
phosphatidyl glycerol and diphosphatidyl glycerol. 
Akamatsu and Nojima (2) showed that mycobacterial phos¬ 
pholipids consist'of diphosphatidyl glycerol, phosphatidyl 
inositol oligomannosides and phosphatidyl ethanolamine in a 
ratio of 5:4:1, while phosphatidyl glycerol was not detectable, 
A recent study has shown that diphosphatidyl glycerol 
is chiefly located in the protoplasmic membrane while phos- 
phatidyl inositol oligomarmoside is located in the cell walls 
of Mycobacterium phlei (3). 
In growing cells of M. phlei the phospholipids showed 
an appreciable turnover. Diphosphatidyl glycerol was found 
to have the highest turnover rate. Phosphatidyl inositol 
^'Abbreviations used in this thesis: PE (phosphatidyl 
ethanolamine), LPE (lysophosphatidyl ethanolamine), FFA (free 
fattv acid), PS (phosphatidyl serine), DPG (diphosphatidyl 
fflvceroi) PA (phosphatidic acid), PG (phosphatidyl glycerol), 
PI (phosphatidyl inositol), PIM (phosphatidyl inositol manno- 
side) Pl-dirn (phosphatidyl inositol dimannoside), Pl-pentam 
(phosphatidyl inositol pentamannoside), PC (phosphatidyl 
choline), TG (triglyceride), Pi (inorganic phosphate). 
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oligomannosides and phosphatidyl ethanolamine showed relatively 
low turnover rates compared with that of diphosphatidyl glycerol. 
Phosphatidic acid was found to be a matabolic precursor of 
phospholipids in M. phlei (4). 
Pieringer and his associates (29) have investigated the 
formation of the "fundamental" phospholipid, phosphatidic acid, 
in Escherichia coli,♦ They found that this lipid could be 
synthesized by two different reactions. One is the reaction 
of ATP and d -diglyceride catalyzed by a particulate enzyme 
(a diglyceride kinase) to give phosphatidic acid. Similarly, 
the same enzyme preparation will convert monoglycerides to 
lysophosphatidic acids. The other pathway to phosphatidic acid 
involves the esterification of o^-glycerol phosphate by acyl- 
AGP complexes. 
Hajra (19) demonstrated the biosynthesis of phosphatidic 
acid in guinea pig liver from dipydroxyacetone phosphate, acyl 
CoAs and NADPH via acyl diphdroxyacetone phosphate. Glycerol- 
3-phosphate is also converted to phosphatidic acid in this 
system. 
Phosphatidic acid formed by either mechanism serves as 
the precursor of other bacterial phospholipids at least in E. 
coli. As Kanfer and Kennedy (21) have shown, phosphatidic acid 
is converted to a lipid-nucleotide complex by reacting v/ith 
cytidine triphosphate. The cytidine diphosphate diglycerides 
(CDP-diglycerides) so formed are activated forms of phosphatidic 
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acids which are thought to play a central role in the bio¬ 
synthesis of the glycerophosphatides. CDP-diglycerides have 
been identified as precursors of phosphatidyl inositol and 
phosphatidyl glycerol in animal tissues and of phosphatidyl 
serine, phosphatidyl ethanolamine, phosphatidyl glycerol, and 
diphosphatidyl glycerol in E, coli (32). The formation of 
CDP-diglycerides is believed to occur by the following reactioni 
CTP 4 phosphatidic acid GDP-diglyceride 4 P-Pi (1) 
This reaction has been demonstrated in extracts from guinea pig 
liver, rat liver, chicken embryo brain and E, coli. As de¬ 
scribed by Kennedy and coworker (21,13) the biosynthesis of 
phospholipids in E. coli follows two pathways, both dependent 
on CDP-diglyceride. 
CDP-diglyceride 4 L-serine phosphatidyl serine 4 CMP (2) 
CDP-diglyceride 4 o(-glycerophosphate phosphatidyl 
glycerophosphate 4 CMP (3) 
Phosphatidyl serine formed in reaction 2 is decarbosylated to 
yield phosphatidyl ethanolamine (21), the principal phosphatide 
of E. coli. This lipid does not show a rapid turnover and 
presumably functions as a stable membrane component. 
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In mammalina liver, phosphatidyl ethanolamine is formed 
by the reaction of 1,2«*diglycerides with GDP-ethanolamine (23) • 
This pathway appears to be inoperative in E, coli. The synthe- 
sis of CDP-diglyceride from phosphatidic acid therefore appears 
to be an obligatory step in phospholipid biosynthesis in E, coli. 
While many organisms are capable of forming phosphatidyl serinec 
numerous species contain relatively little of this substance 
because they rapidly decarboxylate it to phosphatidyl ethanol¬ 
amine. 
Several investigations (6,10,11,16,33,38) have demon¬ 
strated that rat liver microsoraes catalyze the incorporation 
of labelled methyl groups of S-adenosyl-L-methionine into 
three methylated lipid* phosphatidyl N-methyl ethanolamine, 
phosphatidyl N,N1-dimethyl ethanolamine, and phosphatidyl 
choline. While phosphatidyl ethanolamine is a common bacterial 
phospholipid, the methylated forms of phosphatidyl ethanol¬ 
amine have been found in only a few bacteria. Phosphatidyl 
N-methyl ethanolamine has been shown to accumulate in 
Clostridium butyricum, Proteus vulgaris, Thiobacillus thio- 
oxidans (17). Phosphatidyl N-methyl ethanolamine, phos¬ 
phatidyl N,N'-dimethyl ethanolamine, and phosphatidyl choline 
are synthesized in bacteria by the stepwise methylation of 
phosphatidyl ethanolamine, with S-adenosyl-methionine serving 
as the methyl group donor (22). 
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Cell-free particulate enzyme preparations (21) from E, 
colA catalyze the synthesis of phosphatidyl glycerol from 
glycerophosphate and CDP-diglyceride via reactions 3 and 4 
(see below) which also have been demonstrated in aminal tissues 
(24). 
Phosphatidyl glycerophosphate—>phosphatidyl glycerol 4' Pi (4) 
The bacterial enzymes catalyzing reactions 3 and 4 have 
recently been separated and partially purified (14). ' Cell-free 
particulate fractions from E. col5 have been found also to 
catalyze the further conversion of phosphatidyl glycerol to 
diphosphatidyl glycerol in reaction 5 (32). 
Phosphatidyl glycerol 4 CDP-diglyceride-—~> 
diphosphatidyl glycerol 4 CMP (5) 
The phospholipid containing myo-inositol in Mycobacterium 
was first reported (5) in 1930. For over 30 years the struc¬ 
ture of the myo-inositol containing phospholipid of these 
organisms was incompletely defined. Recently the structure 
and the biosynthesis of phosphatidyl myo-inositol mannoside 
was elucidated in detail by Ballow and his associates (7,12, 
20,25). Ballou, Vilkas, and Lederer have found phosphatidyl 
inositol dimannoside, and phosphatidyl inositol pentamannoside 
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MY^o^acterium tubercu 1 osis (?). The structures of phos¬ 
phatidyl inositol mannosides found in M, phlei and M, tuber- 
~s have been described as one mannose attached to position 
2 of myo-inositol with the number of mannoses at position 6 
* 
ranging from zero to five (7,25). Phosphatidyl inositol in 
animal tissue is formed by the reaction of CDP-diglyceride with 
free myo-inositol (3^) • The initial st'ep in the biosynthesis 
of all complex phosphatidyl inositols in Mycobacteria is by a 
direct reaction between CDP-diglyceride and myo-inositol yield¬ 
ing phosphatidyl inositol and CMP (20). The biosynthesis of 
the phosphatidyl inositol mannosides of M, phlei has been shown 
to proceed from phosphatidyl inositol, with the sequential 
addition of single mannose residues, to the dimannoside and, 
subsequently, to the pentamannoside (20). The sugar donor has 
been established to be GDP-D-mannose. 
Pangborn and McKinney reported the isolation from M. 
tuberculosis of phosphatidyl inositol, two phosphatidyl 
inositol dimannosides (A and M), and two phosphatidyl inositol 
pentamannosides (G and K). The substances differed in the 
number of fatty acyl groups that they contained, G and M having 
three fatty acids, phosphatidyl inositol having two and A and 
K having four fatty acids (2?), Brennan and Ballou have found 
three phosphatidyl inositol dimannosides in M. phlei. one 
phosphatidyl inositol dimannoside with two fatty acids, and 
one each with three and four fatty acids (12). 
9 
Q.^-3:1-V..-^-PSe Column Chromatography. 
DEAE cellulose column chromatography is generally useful 
for separation of components of complex mixtures of lipids. 
Lipid classes are separated by DEAE cplumn chromatography by 
ion exchange and by differences in polarity provided by non¬ 
ionic groups, principally phdroxyl groups. Division of lipids 
into three groups (nonionic, nonacidic ionic, and acidic) 
/ 
facilitates understanding of the elution chracteristics of 
DEAE. Nonionic lipids are eluted according to relative 
polarity, the least polar lipids (sterols and sterol esters, 
glycerides, hydrocarbons) are eluted with chloroform. Cere- 
brosides and glycosyl diglycerides first appear in column 
effluents with 3-5$ methanol in chloroform while 20-30$ 
methanol in chloroform is required for elution of ceramide 
polvhexosides. All nonionic and ionic lipids are eluted with 
methanol, whereas acidic lipids are not. The ionic nonacidic 
lipid compounds begin to be eluted with 3-5$ methanol in 
chloroform (phosphatidyl choline, lysophosphatidyl choline, 
sphingomyelin); phosphatidyl ethanolamine is retained to a 
greater extent and is first eluted at a concentration of about 
10$ methanol, v/hile lysophosphatidyl ethanolamine is first 
with about 50$ methanol. Acidic lipids are not eluted 
with chloroform-methanol or methanol unless acid, base, or 
salt is added. This characteristic of DEAE is useful and 
makes this adsorbent quite different from silicid acid, where 
overlap of acidic and nonacidic lipid fractions occurs (30). 
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MATERIALS AND METHODS 
Microorganism. Mycobacterium smegmatis ATCC 19420 was 
grown in 2.8 liters of Fernbach flasks containing 1 liter of 
modified Youmans medium (34) on a rotary shaker at 27C for 
5 days. The cells which were at the late logarithmic phase 
were harvested by centrifugation at 10,000 x g for 15 minutes. 
Total dry weight of cells v/as calculated by drying an aliquot 
of the moist cells at 70 C for 2 hours. 
Crude lipid preparation. The cells of M. smegmatis 
previously weighed were suspended in chloroform-methanol (2il 
v/v, 20 ml/g), and allowed to shake overnight at 27 C, Cell 
bodies were separated by filtration and the solvents were 
removed by rotary evaporation. The dried lipid extract v/as 
dissolved in chloroform in a 10 ml volumetric flask. The 
crude lipid (10 pliters) was dried in an oven for 1 hour at 
70 C, and weighed on a microbalance to determine the crude 
lipid yield per gram dry weight of cells. 
Phosphorus analysis. The analysis was done by the method 
of Rouser et. al. (31). The lipid was Put into Kjeldahl 
digestion flasks. Digestion of the flask contents was carried 
out on an electrically heated Kjeldahl rack. The heaters were 
adjusted to give gentle refluxing so that digestion was com¬ 
pleted in about 20 minutes. After digestion, the sides of the 
flask were rinsed with 5 ml of distilled water. One ml of 
11 
2.5'/c ammonium molybdate solution was added, the flask was 
mixed by swirling and 1 ml of 10# ascorbic acid solution was 
added. The solution was transferred to a centrifuge tube, 
heated in a boiling water bath for 5 minutes and cooled, 
i 
Samples and blanks were transferred to cuvettes and the opti¬ 
cal density determined at 820 nm by spectrophotometer (model 
DB~G, 1 cm light path, Beckman Instruments, Inc,, Fullerton, 
Calif.), All glassware v/as acid cleaned before use. The 
values were then converted to ug of phosphorus using a standard 
curve prepared using ^HPO^. 
Separation of phospholipids by DEAE cellulose column 
chromatography. The total lipid was fractionated on a DEAE 
column (30). DEAE cellulose (Applied Science Laboratories, 
Inc., Univ. Park, Penn.) was left overnight in glacial acetic 
acid in order to convert the adsorbent to the acetate form. 
The column (6 cm in diameter) was packed in glacial acetic 
acid to a bed height of 20-2 cm. The bed was washed with 3-5 
bed volumes of methanol, 3 bed volumes of chloroform-methanol 
(1:1), followed by 3-5 bed volumes of chloroform. The column 
was repacked in chloroform and tested to determine uniformity 
of packing. Azulene, a highly colored hydrocarbon, was used 
to test columns and has the advantage that imperfections in 
the packed bed are readily visualized. If the column was 
satisfactory, the weighed total lipid (2,5 g) was placed on 
the column. The elution sequences are shown in Table 1, Salts 
in fraction 8 was removed by Sephadex column chromatography (39)• 
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Sephadex column chromatography was the preferred quanti¬ 
tative procedure for separation of water-soluble non-lipid 
contaminants from lipids. Two solvent phases for Sephadex 
columns were prepared by shaking chloroform-methanol-water 
(200s100*75) in a separatory funnel, Sephadex (G~25* coarse, 
beaded, Sigma Chemical Company, St, Louis, Mo.) was placed in 
the upper phase of the solvent overnight. The column was 
/ 
packed in upper phase of the solvent and washed with one volume 
of upper phase solution then with one volume of lower phase. 
The lipids were eluted with lower phase. 
The fractions eluted from the DEAE cellulose column were 
evaporated to dryness and then dissolved in 10 ml of chloroform 
or appropriate solvent. The weight of each fraction was 
determined by the method mentioned above. The amounts of 
phosphorus present were measured according to the method de— 
„ > 
scribed by Houser et. al« (3i) Ly perchloric acid digestion. 
Preparation of thin-laver plates. Thin layer plates 
were prepared from Adsorbosil 3 (Applied Science Labora.tories, 
Inc., Univ. Park, Penn.) (silica gel with Mg SiO^ binder) and 
silica gel PF2^(E. Merck, Darmstadt, Germany) spread to a 
thickness of 0.5 mm. The plates were activated at 110-120 C 
for 1 hour and stored in a desiccator. 
Separation and identification of .php_sphginosijy.des. 
Fraction 8 (Table 1) was streaked on silica gel PF2^ plates, 
and developed in chloroform-acetic acid-methanol-water (40*25* 
14 
3*7) (27) , and then sprayed v/ith an aqueous solution of 0,001$ 
Rhodamine 6G, The phosphoinositides bands located by ultra 
violet light, were scraped from the plates and eluted v/ith 
chloroform-methanol (1*1) containing 5$ water. The eluates 
i 
were brought to dryness and dissolved in a small volume of 
Folch solvent (chloroform-methanol-water 86il4tl), The phos¬ 
phorus content of each fraction was analyzed by the method of 
Rouser at. al. (3l)« 1‘ipids v/hich contain carbohydrate were 
detected by first spraying the plate with 60$ H^PO^ containing 
1$ phenol and then heating at 100 C for 30 minutes. A yellow 
color indicated the presence of carbohydrate (20), 
Acid hydrolysis. The phosphoinositide fractions v/ere 
hydrolyzed with 2 N HC1 (2 ml/100 mg of lipid) at 100 C in 
sealed ampules for 3 hours, cooled and extracted v/ith ether. 
The aqueous layers were neutralized with silver carbonate and 
filtered. The filtrate was dried at 90 C in an oven and 
further dried in a desiccator. 
Gas chromato graphy of hydrolyzed lipid. Trimethylsilyl 
(TMS) derivatives of sugars were made as described below. 
Ten mg of carbohydrate was treated with 1 ml of anhydrous pyri¬ 
dine (stored over K0H pellets), 0,2 ml of hexamethyl disilazane, 
and 0.1 ml of trimethylchlorosilane. The mixture was shaken 
vigously for about 30 seconds, and was then allowed to stand 
for 5 minutes or longer at room temperature prior to chromato¬ 
graphy. From 0.1 to 0.5 pliter of the resulting reaction 
15 
mixture v/as used for injection into the gas chromatograph (35) • 
™S derivatives of hydrolyzed phosphoinositides were prepared 
as described previously. Gas chromatography (GLC) was performed 
on a Perkin-Elmer model 900 dual flame gas chromatograph equipped 
i 
with 6 ft x 1/8 in. 0,D. stainless steel columns packed with 15# 
DEGS (60-80 mesh, acid washed Celite, CWA, Applied Science Labo¬ 
ratories, Inc., Univ. Park, Penn.) with references such as 
mannose and inositol. 
1 
MfeaHne_hydrolysis. For the structural identification of 
phosphatidyl inositol and phosphatidyl inositol mannosides, mild 
alkaline hydrolysis was performed in the following manner* 10 mg 
of lipid was dissolved in 0.65 ml of chloroform-methanol (2*1) 
and 0.4 ml of methanolic NaOH (0.5^) was added. The mixture was 
kept at room temperature for 10 minutes. The mixture was 
extracted v/ith 10 ml of ether twice, acidified v/ith Dowex 50 
(H ) and neutralized with cyclohexylamine. The water soluble 
layer v/as separated and concentrated to a small volume. 
14 
Incorporation of C-serine into phosphatidyl, ethanolamine. 
Three day old cells were incubated in Youmans medium with 3 pCi 
of uniformally labelled serine (specific activity, 10 pCi/0.105 
mg) for 1 hour on the shaker at room temperature. The cells 
were harvested and the total lipid was extracted. The extract°d 
lipids were separated by thin-layer chromatography (TLC) on 
silica gel PF^^ P^-a^e* plates were developed in chloroform- 
methanol-water (65*25*4). The edge of the plate was sprayed with 
16 
Vaskovsky and Kostetsky phosphate ester reagent (VK"P") (36) and 
the rest of the plate was sprayed with an aqueous solution of 
0,001% Phodamine 6G, The radioactivity was measured by scraping 
the phosphate ester containing bands, placing the powder in 
Bray's solution (9) and counting the radioactivity in a scintil- 
lation counter (Tri-Garb liquid scintillation spectrometer, 
series 314 EX, Packard Instrument Company, Inc, La Grange, 
Illinois), 
Preparation of cell free extract. Cells (3 g, wet weight) 
were collected by centrifugation at 10,000 x g for 15 minutes 
from early exponential phase (usually ?2 hours) cultures. The 
pellets were suspended in the following washing buffer1 0.1 M 
potassium phosphate (PH 7) containing 2 x lO^M dithiothreitol. 
After washing, the pellets were resuspended in the same buffer. 
The cells were ultrasonicated for 2 minutes and disrupted with 
the French Pressure Cell (American Instrument Co,, Silver Springs, 
Md.) at 20,000 psi twice. The unbroken cells and large cell 
fragments were removed by centrifugation at 10,000 x g for 15 
minutes. The cell free extract was used for the incorporation 
of ^C-methyl-L-methionine, 
Incorporation of ^C-methyl-L-methionine into phosphatidyl 
N-methyl ethanolamine. The cell free extract (9.5 ml) prepared 
as previously described was incubated with 2 prnoles of ATP and 
5 pCj. of lZ|C-methyl-L-methionine (specific activity, 0.1 mCi/ 
0.45 mg) for 40 minutes at room temperature. The reaction was 
1? 
stopped by the addition of chloroform-methanol (2*1), and the 
lipid was extracted three times with same solvent. The lipids 
were streaked with carrier phosphatidyl ethanolamine on silica 
Sel ^^254 P^a^es* plates were developed in chloroform- 
methanol-water (65*25*4). The ninhydrin-positive phospholipid 
was scraped from the plate and counted in a scintillation counter. 
The ninhydrin-positive phospholipids were hydrolyzed overnight 
at 100 C in 2 N HC1 in sealed glass ampules. The water soluble 
products were obtained by evaporation of the aqueous phase after 
ether extraction. 
Paper chromatography. The water soluble components were 
applied to Whatman no, 1 chromatographic paper along with the 
standard ethanolamine, N-methyl ethanolamine, NtN•-dimethyl 
ethanolamine and choline all in the hydrochloride salt form. 
Descending paper chromatography was carried out in a solvent 
system of phenol-l-butanol-formic acid (80$)-water (50*50*3*10* 
w/v/v/v) 1 saturated with solid KOI and used with paper which 
had been previously dipped into 1 N KC1 and dried (10), 
Ethanolamine and N-methyl ethanolamine were revealed by nin- 
hydrin. Choline and N,N'-dimethyl ethanolamine were detected 
by exposing the chromatograms to iodine vapors (8). The regions 
which migrated with the same Rp values as the standards were cut 
out, dissolved in a small volume of water and Bray's solution 
and then counted in a scintillation counter. Incorporation of 
1^C-methyl~L-methionine into phosphatidyl N-methyl ethanolamine 
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v/as also demonstrated with whole cells incubating with 5 pCi of 
methionine for 1 hour at room temperature. 
Paper chromatography of deacylated phosphoinositides was 
performed on Whatman no, 1 paper by the descending technique, 
i'he solvent system used was isopropanol-ammonia-water (7*1*2, 
v/v/v). The spots were detected with Hanes-Isherwood reagent 
with color development by ultraviolet light activation. 
Identification of trace amounts of phospholipids and 
quantitative,analyses of -phospholipid contents with ^2P. Cells 
were grown at 27 C with shaking in modified Youmans medium 
containing 1 mCi of -^2P (carrier-free) for 4 days. The cells 
v/ere harvested by centrifugation. Labelled lipids were 
extracted from the cells by chloroform-methanol extraction as 
mentioned previously. The lipids were separated on thin layer 
plates coated with Adsorbosil 3 by a two dimensional system 
with chloroform-methanol-water (65*25*4) in the first direction 
and chloroform-acetone-methanol-glacial acetic acid-water (5*2* 
1*1*0,5) in the second direction. When a tv/o dimensional system 
v/as used, the plates v/ere allowed to dry at room temperature for 
about 30 minutes, after development in the first direction. One 
dimensional chromatography v/as carried out on plates coated with 
silica gel PF^^, The plates were developed in chloroform- 
acetic acid-methanol-water (45*25*3*7). The plates were sprayed 
with ninhydrin and then with VK,,P,,, 
19 
Quantitative estimation of radioactivity was obtained by 
scraping the zone of interest off the plate with a spatula, 
placing the powder in Bray*s solution, and counting it in a 
scintillation counter. 
Autoradiograms were obtained by placing Kodak X-ray film 
(blue sensitive, single coated) over the thin layer plates. 
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RESULTS 
Fifty three g of dried cells were obtained from 9 liters 
of growth medium , a yield of approximately 5*9 g/liter (dry 
weight). Chloroform-methanol (281) extraction of 25,8 g of 
dried cells yield 5.9 g of crude lipid (22.9^ yield from dried 
cells). The phosphorus content of the total lipid was 1,16%, 
The analytical data for the DEAE cellulose column fractions 
are given in Table 2, Diphosphatidyl glycerol and phosphatidyl 
inositol mannosides were separated from each other by thin layer 
chromatography. The phosphorus contents of the individual 
phospholipids separated by thin layer chromatography are shown 
in Table 3« 
Identification of phosphatidyl inositol mannosides. 
Fraction 8 from DEAE column was separated by thin chromatography. 
Resolution of the various components on the thin layer plate is 
illustrated in Fig, 1. Five phospholipids were obtained and 
designated as a, b, cf d, and e. Band c, d and e were positive 
for carbohydrate. Thin layer chromatography was performed with 
standard diphosphatidyl glycerol, phosphatidyl inositol 
dimannoside and phosphatidyl inositol pentamannoside (A and K 
from M, tuberculosis, a gift from Dr, M, C. Pangborn, Division 
of Laboratories and Research, New York State Department of 
Health, Albany, New York). Band a had the same Rf value as 
diphosphatidyl glycerol, band c and e had the same R^s as 
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Table 2 
/ 
Analytical Data for DEAE-Cellulose Column Fractions 
Fractions and 
assigned 
composition 
Per cent 
of total 
weight 
Per cent of 
total 
phospholipid 
(l) Neutral lipid 44 • 9 0.5 
(2) PE 22.5 20.8 
(3) LPE 1.5 5.4 
(4) Salts 12.3 8.5 
(5) Free fatty acids 1.5 0.8 
(6) PS 3.0 5.4 
(7) None (salts and other 
water-* s olubl e 
compounds) 0 0 
14.3 58.6 (8) DPG, PA, PG, PI, PIMs 
Table 3 
Per cent of Total Phospholipid 
Lipid 
°/o of total phospholipid 
phosphorus 
PE 23.1 
LPE 6.0 
PS 6,0 
DPG 36.3 
DPG* 4.3 
PG 0.3 
Pi-dim, PI 11.9 
Pi-dim 10,7 
PA, PI~pentam 1.4 
Salt 
Figure 1 
Thin layer chromatography of fraction 8 
from DEAE cellulose column. The solvent 
system used is chloroform-methanol-water 
(65125*4)« 
a 
■ 
' 
■ 
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phosphatidyl inositol dimannoside and phosphatidyl inositol 
pentamannoside respectively. For further characterization the 
lipids separated by this procedure were subjected to deacylation 
and the water-soluble products were chromatographed on paper 
with deacylated phosphatidyl inositol from Arthrobacter 
globiformis and phosphatidyl inositol dimannoside from M, 
tuberculosis (Table 4), Fraction 8 and the PE fraction from 
DEAE cellulose column were deacylated and chromatographed on 
paper with standards (Table 5)» Analysis of bands a# b# c, d# 
e by thin layer and paper chromatography with the appropriate 
standards revealed that band a was diphosphatidyl glycerol# band 
b was another type of diphosphatidyl glycerol# band c contained 
phosphatidyl inositol and phosphatidyl inositol dimannoside, 
band d was phosphatidyl inositol dimannoside# and band e was 
phosphatidyl petamannoside. The gas chromatographic analysis 
of fractions d, e and standard inositol and mannose are shown 
in Fig, 2* The ratio of components in a mixture was calculated 
from the peak area of each. The ratio of mannose to inositol 
in fraction d was 2,3 and 4,8 in fraction e. Phosphorus analysis 
of phosphatidyl inositol and phosphatidyl inositol mannoside in 
fraction c separated by paper chromatography showed that fraction 
c consists of 74?£ phosphatidyl inositol and 26% phosphatidyl 
inositol dimannoside, 
14 
Incorporation of C-serine into phosphatidyl ethanolamine, 
14 
Table 6 shows the incorporation of C-serine into individual 
2 6 
Table 4 
Paper Chromatography of Deacylated Phosphoinositides 
Component 
Migration ratios 
Band c Band d Band e 
Glycerylphosphoryl inositol 
1 i 
•
 o
 
°
 
| 
Glycerylphosphoryl 
dimannoside 
inositol 
0.71 0*72 
Glycerylphosphoryl 
pentamannoside 
inositol 
• 
•CD Mi 
The solvent system used was 2-propanol-ammonia*water (7*1*2). 
Table 5 
Paper Chromatography of Beacylated Phospholipids* 
Component 
Di(glycerophosphoryl) glycerol 
Glycerol phosphoryl ethanolamine 
Glycerolphosphoryl inositides 
*The solvent system is the same as in Table 4 
!p values 
0.32 
0.4? 
0.28 
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Figure 2„ 
ci 
GLC recording of standard mannose* and inositol* 
Conditions under Material and Methods, 
*M and I correspond to mannose and inositol. 

Figure 2b 
GLC recording of phosphatidyl inositol 
dimannoside (band d) from M. smegonatis. 
Conditions under Material and Methods, 
150 170 190 
\ 
Figure 2 
V 
GLG recording of phosphatidyl inositol 
pentamannoside (band e) from Me smegmatis, 
Conditions under Material and Methods, 
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Table 
14 
Incorporation of C~: 
6 
erine Into Lipids 
Component Coimts/min 
°/o of total counts 
incorporated into 
lipids 
Origin (water-soluble) 2,990 3.0 
PS, PIM 23,200 24,6 
PE 28,600 30.3 
Unknown 12,200 13.0 
DPG 7,300 7.7 
TG 20,000 21,2 
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lipids. Of the label added to the medium, 3*6^ was incorpo¬ 
rated into lipid. The lipids was separated by thin layer 
chromatography. Commercial phosphatidyl serine was used as a 
standard, phosphatidyl ethanolamine contained 30«3^ of the 
total radioactivity in the lipid fraction, whereas the phos- 
phatidyl serine fraction contained about 20^, These results 
indicate phosphatidyl serine is a precursor of phosphatidyl 
ethanolamine, 
14 . . 
Incorporation of ~ C-methyl-L-methionine into .phosphatidyl. 
N-methyl ethanolamine. Thirty per cent of the labelled 
methionine was incorporated into lipids. Incorporation of 
"^’C-methyl-L-methionine into the lipids of whole cells is shown 
in Table 7. Incorporation of the labelled methyl group of 
methionine into the water soluble fraction isolated after acid 
hydrolysis of ninhydrin positive lipid is shown in Table 8, No 
significant label was found in N-methyl ethanolamine or other 
methylated bases, 
incorporation into phospholipids. The total lipid 
yielded 5,45 x 10^ counts per minute, 2,?^ of the added 
was incorporated into lipids. The content of each phospholipid 
was calculated after separation of the lipids by thin layer 
chromatography, and is shown in Table 9* An autoradiogram of 
two dimensional thin layer chromatography of total phospholipid 
is shorn in Fig. 3 and that of one dimensional thin layer 
chromatography is shown in Fig. 4. Figure 5 illustrates a one 
Table 7 
14 
Incorporation of C-methyl Methionine 
into the Lipids of Whole Cells 
Component Counts/rnin % of total count 
Origin 147,000 14.8 
PIM 232,000 23.6 
PE 175*000 18.0 
Unknown 84,000 8.6 
DPG 103*000 
c 
10.5 
TG 240,000 24.5 
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Table 8 
1 if 
Incorporation of 'C-methyl-L-methionine into Water-soluble 
Products Separated by Paper Chromatography after Acid 
Hydrolysis of the PE Fraction Collected from TLC 
Bases Rp of 
Standard 
Counts/min, 
Cell free Whole cell 
extract 
Ethanolamine-HCl 0.16 202 89 
N-methyl ethanolamine-HCl 0.42 230 78 
N,N*-dimethyl ethanolamine- 
HCl 0.72 481 78 
Choline-Cl 0.66 334 71 
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Table 9 
Incorporation into Phospholipids 
Lipids Counts/min 
Per cent 
of total 
phospholipid 
DPG 1.68 X io6 31.7 
Unknown 5.29 X 106 1.0 
PE 1.53 X 106 28,9 
PG 6,28 X 104 1.1 
PS 5.28 X 104 1.0 
PI-dim, PI 9.72 X 105 18.3 
Pi-dim 6.44 X 105 12.2 
Pl-pentam and P^ 3.05 X 1 (P 5.8 
*Most of this fraction is non-lipid phosphate* 
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Figure 3 
Au"toradiogra.nl of two dimensional thin layei 
chromatogram of ^^P-labelled lipid from M® smegma t ijs» 
Development was first in chloroform-methanol-water 
(65:25*4) then in chloroform-acetone-glacial acetic 
acid-water (5**2sl$liO«5). 
Af diphosphatidyl glycerol? B, diphosphatidyl glycerol; 
F, phosphatidyl ethanolamine; I® phosphatide acid; 
J, phosphatidyl inositol; Ht phosphatidyl serine; 
K, phosphatidyl inositol dimannosidej L, lysophos- 
phatidyl ethanolamine; D, phosphatidyl inositol 
dimannosidej E, phosphatidyl inositol pentamannoside. 

Figure 4 
Autoradiogram of one dimensional thin layer chromato- 
graphy of 32P-labelled lipid from M. smegmatis. The 
solvent system used was chloroform-acetic acid- 
methanol-water (45** 25* 3 s 7)« 
A, diphosphatidyl glycerol; Ff phosphatidyl ethanol- 
amine; G, phosphatidyl glycerol; H# phosphatidyl 
serine; C, phosphatidyl inositol dimannoside and 
phosphatidyl inositol; D, phosphatidyl inositol 
dimannoside; E and M, phosphatidyl inositol penta- 
mannoside; B, diphosphatidyl glycerol. 
A 
E 
M 
43 
Figure 5 
One dimensional thin layer chromatogram of 
phospholipids from Me smegmatis. The plate was 
charred after spraying with VK"P"« The solvent 
system used was the same as Figure 5* 
1, total lipid; 2, phosphatidyl serine; 3, phos¬ 
phatidyl glycerol; 4, phosphatidyl inositol; 
5, phosphatidyl inositol dimannoside; 6, phos¬ 
phatidyl ethanolamine; 7, diphosphatidyl glycerol. 
J* 
2 6 7 3 
^5 
dimensional chromatogram showing phosphatidyl serine and 
phosphatidyl glycerol in relation to other major phospholipids 
in M, smegrnatis. Phosphatidyl glycerol obtained from A, 
globiformis arid commercial phosphatidyl serine were used as 
standards, Phosphatidic acid, lysophosphatidyl ethanolamine 
and phosphatidyl serine were identified by Rp value from 
autoradiograms of TLC plates. The amounts present were too 
small to be visualized by spray. They showed the same chromato¬ 
graphic property as pure phosphatidic acid and lysophosphatidyl 
ethanolamine prepared from M. smegmatis phosphatidyl ethanol¬ 
amine, Phosphatidyl glycerol may overlap with phosphatidyl 
ethanolamine. It has a similar chromatographic behavior to 
phosphatidyl glycerol isolated from A* globiformis. Spot B 
was identified as diphosphatidyl glycerol by comparison of the 
Rp values of deacylated DPG with that of authentic glycero- 
phosphoryl-glycerophosphate by paper chromatography. This 
compound probably differs from diphosphatidyl glycerol (A) in 
respect to the number of acyl groups esterified to the molecule. 
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DISCUSSION 
Isolation of phospholipids and neutral lipids from M, 
sroegmatis was made simpler and more convenient by the use of 
DEAE cellulose chromatography as described above. This also 
removes heavey metal contaminants from lipid preparations and 
lessens the chance of the phenomena of streaking and multiple 
spot formation attributable to multiple ionic form of certain 
phospholipids. 
Fraction 8 consisting of QPG, PA# PG, PI, PIMs and 
ammonium acetate was applied to a Sephadex column to remove 
contaminating salt from this fraction. The yield of phos- 
phoinositides was lower than expected. These lipids, which 
have large hydrophilic moieties, may have been partially retained 
on the Sephadex column. This method of removing water soluble 
contaminants from lipid extracts may be of limited usefulness 
when used with lipids extracts such as those in this study which 
have a high content of hydrophilic lipid present. 
Fraction 8 from DEAE column was separated by thin layer 
chromatography (silica gel PF^^) into DPG, DPG* , PG, PS, two 
phosphatidyl inositol dimannosides and phosphatidyl inositol 
pentamannoside. The Rp values of these compounds were different 
enough to be separated from each other in chloroform-acetic acid- 
methanol-water C ^5* 25*3*7)• Phosphatidyl glycerol and phos¬ 
phatidyl serine were not detected by VK"P" spray, but they were 
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shown as red bands with an aqueous solution of 0,001 fo 
Rhodamine 6G and dark spots on autoradiograms. 
Thin layer chromatography on Adsorbosil 3» Adsorbosil 1 
which has Ca SO^ binder, silica gel and other kinds of 
silica gel was tried in order attempt to isolate phosphatidyl 
inositol mannoside. With the exception of silica gel PF^^, 
none of these adsorbents showed good separation. 
In order to separate PI from phosphatidyl inositol 
dimannoside it was necessary to collect a large amount of the 
lipid from preparative TLC plates, deacylate the mixed lipids 
and chromatograph the water soluble phosphate esters by paper 
chromatography. Complete separation was effected only when the 
paper chromatograms were allowed to develop for an extended 
period, the solvent dripping from the ends of the paper by 
descending chromatography. 
The phosphoinositide fractions were hydrolyzed v/ith 2 N 
HC1 at 100 C in sealed ampules for 3 hours to minimize the 
destruction of mannose. Graham and Neuberber (18) determined 
the release of mannose from egg albumin in 2 N HC1 at 100 C 
after various times by the radioisotope dilution method, and 
showed that the destruction of mannose in 2 N HCl after 3 hours 
at 100 C was found to be small if air was excluded. 
Heating of the hydrolysate of phosphoinositides in an 
oven at 80 C until dry was found to be more advantageous than 
drying under a stream of nitrogen. Many unnecessary peaks 
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were removed by the first method. Presumably the latter method 
was not able to completely drive off the more volatile com¬ 
ponents of the hydrolysate. The separation and estimation of 
mannose and inositol from the phosphoinositides by gas chromato¬ 
graphy was very useful and considerably more sensitive than 
paper chromatography. 
Incorporation of ^C-serine into phosphatidyl serine 
followed by decarboxylation to phosphatidyl ethanolamine was 
demonstrated in whole cells (Table 6), Phosphatidyl ethanol¬ 
amine had 30•3^ of total counts incorporated into lipid and 
high counts (24,6% of the total counts) were found in PS, PIMs 
and presumably free serine. Using two dimensional thin layer 
chromatography, phosphatidyl ethanolamine was cleanly separated 
from PS, PIM and serine. But phosphatidyl serine was vaguely 
revealed by autoradiography indicating that phosphatidyl serine 
had been decarboxylate to phosphatidyl ethanolamine at a high 
turnover rate. The high counts in the PS and PIM region can be 
14 
accounted for by free C-serine which has a low Rp value, 
streaking into the PS and PIM fractions. 
Upon extraction of lipids from the whole cells incubated 
14 . . / ^ 14 
wi th C -methyl methionine, 26.27° of the ' C-methyl group was 
* 
found incorporated into the lipids. Phosphatidyl ethanolamine 
14 
incorporated 18.0^ of the total C-methyl group compared to 
23,6%, 10,5^ and 24.5^ lor PIM, DPG and triglyceride respecta¬ 
bly. If this microorganism makes phosphatidyl N-methyl 
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ethanolaminej it is to be expected, that it should incorporate 
14 
C~methyl group into phosphatidyl N-methyl ethanolamine at a 
higher level than into PIM or DPG after a short incubation 
period of one hour. The hydrolysate of ninhydrin positive 
14 
lipid also did not show significant incorporation of C~methyl 
group into phosphatidyl N-methyl ethanolamine as well as into, 
N,N1-dimethyl ethanolamine and choline (Table 8), This suggests 
that the 18,0$ incorporation obtained from the PE fraction is 
actually due to the incorporation of -methyl into the 
branched fatty acids* It was shown that methionine is used, as 
a methyl donor in .the biosynthesis of branched fatty acids (26;, 
The principal branched fatty acid of the mycobacteria is 
10-methyl stearic acid (tuberculostearic acid, C-19 branched). 
This fatty acid arises from oleic acid by methyl group addition 
to the 10-carbon atomi the methyl group being donated by S- 
adenosyl-methionine• Akamatsu and Law (l) have suggested that 
conversion of oleate to C-19 branched occurs when the phos¬ 
pholipids are acylated, 
14 
The high rate of incorporation of the C-methyl group 
into the triglyceride fraction may be a reflection of the 
possible partial precursor role of PE In triglyceride synthesis 
(Barakat and Walker, unpublished experiments). In cell free 
experiments, exogenously supplied PB appears to be partially 
degraded by lipases and resynthesized to triglyceride. The 
small percentage of C-19 branched fatty acid formed in the 
50 
triglyceride fraction (37) then may have arisen from the C-19 
branched acids of phosphatidyl ethanolamine. 
It is rather curious that this organism which apparently 
has a high concentration of S-adenosyl methionine and a great 
propensity to methylate many lipid compounds lacks the necessary 
enzymes to form the mono- and dimethyl derivatives of phos¬ 
phatidyl ethanolamine. The experiments reported in this thesis, 
however, quite conclusively show that this biosynthetic pathway 
is in fact inoperable (or non-existent) in this organism. 
32 
The content of each class of lipids calculated after ~P 
incorporation into growing bacteria was compared with the phos¬ 
pholipid content data obtained from the DEAE cellulose chromato¬ 
graphic experiments (Table 3 and Table 9)« The lower yields 
obtained from the DEAE fractions was probably due to losses 
occurring during the several steps necessary to separate 
individual lipids. 
The large spot at the origin on autoradiograms was due to 
water soluble products such as inorganic phosphate. Water 
soluble products were not removed after extraction of the lipid 
v/ith chloroform—methanol (2il), because some lipid inter¬ 
mediates and lipids which are soluble in water might also have 
been lost. 
Autoradiograms of two dimensional thin layer plates 
showed many phosphorus containing compounds which have not 
been identified yet. Possibly they are phospholipid inter- 
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mediates or complex phosphorus containing lipids. 
In summary the following results were obtained: 
1. The phospholipids of this organism consist of 31*7$ 
diphosphatidyl glycerol, 28.9$ phosphatidyl ethanolarnine, 
30.5$ phosphoinositides and 8.9minor phospholipids (PA, 
PGi PS and LPE). 
2. The presence of phosphatidyl inositol, phosphatidyl inositol 
1 
dimannosides and phosphatidyl inositol pentamannosides 
indicates that the biosynthesis of phosphatidyl inositol 
mannosides of M, smegmatis may proceed from phosphatidyl 
inositol with .the sequential addition of single mannose 
residues to the dimannoside leading subsequently to the 
pentamannoside as has been shown in M, phiel (20). 
3. Phosphatidyl ethanolarnine is a product of the decarboxy- 
ation of phosphatidyl serine, a sequence similar to that 
found in E, coir. 
4. Phosphatidyl N~methyl ethanolarnine is not synthesized by 
14 
M. smegmatis. Incorporation studies with C-methyl-L- 
14 
methionine indicated that the C-methyl group was 
incorporated into the branched fatty acids but not into 
phosphatidyl N-methyl ethanolarnine. 
5. Phosphatidyl glycerol, phosphatidic acid, lysophosphatidyl 
ethanolarnine and phosphatidyl serine were identified by 
autoradiogram of 32P labelled lipids. 
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On the basis of experiments performed in this study and 
experiments reported by others a tentative schematic repre¬ 
sentation of phospholipid biosynthesis in M, smegmatis is 
illustrated in the following figure* 
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